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Abstract
Acid rain is considered one of the most serious plant abiotic stresses. Photosynthesis is the basis of crop growth and development.
The effect of acid rain on barley photosynthesis remains unclear. A glasshouse experiment was conducted, and the photosynthetic
rate, chlorophyll (Chl) fluorescence, and pigment content of barley were measured in simulated acid rain (SAR) under pH 6.5,
5.5, 4.5, and 3.5. The results showed that net photosynthetic rate, maximal photosynthetic rate, and light saturation point
decreased and the light compensation point, and dark respiration rate increased with increasing acidity. The results suggested
that photosynthesis in barley plants was inhibited by SAR stress. The Chl content and stomatal conductance declined in parallel
with the reduced net photosynthetic rate when barley plants were under SAR stress conditions. This indicated that non-stomatal
factors may contribute to reduced photosynthesis under acid rain stress. Acid rain had greater effects on the photosynthesis of the
acid rain-sensitive plant Zhepi 33 than on non-sensitive Kunlun 12. A significant difference in parameters such as the maximal
fluorescence, variable fluorescence, and active PSII reaction centers was found among the SAR treatments and may be used to
evaluate the sensitivity of plants to acid rain stress. The visualization model showed that the photosynthetic reaction centers were
inactivated in acid rain stressed barley plants. These findings are valuable for the evaluation of the plant sensitivity to acid rain
stress and may be used for the detection and monitoring of acid rain effects on plants in the future.
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Introduction

Acid rain contains acidic components, such as sulfuric acid or
nitric acid. It is a global environmental problem and has be-
comemore severe with the use of fossil fuels in recent decades
(Yu et al. 2017; Debnath et al. 2020). Acid rain is one of the
major abiotic stresses caused to plants and plants will die
under serious acid rain growing conditions. Previous studies
showed that acid rain has a strong influence on plant physio-
logical and biochemical processes (Debnath and Ahammed
2020). In 2016, Sun et al. reported that acid rain at pH 4.0 or
less decreased the rice leaf water content. The study of Yu
et al. (2002) showed that acid rain significantly increased the
activities of guaiacol peroxidase and superoxide dismutase,
but decreased the activity of catalase. In addition, the chloro-
phyll (Chl) contents of perennial ryegrass and tomato, leaf
area, and the yield of wheat were also adversely affected by
acid rain stress (Kumari and Tomar 2009; Vicas et al. 2009;
Debnath et al. 2018; Debnath et al. 2018; Singh and Agrawal
2004)

Photosynthesis is the basis of crop growth and develop-
ment (Long et al. 2006; Zhu et al. 2012). It is very important
to evaluate acid rain effects on crop photosynthetic activities.
Previous studies showed that acid rain destroyed the chloro-
plast structure and decreased the crop photosynthetic rate, and
the reduction in photosynthesis depended on the strength of
acid in the rain (Yu et al. 2002; Sun et al. 2016; Qiu et al.
2001; Roberts 1990; Hu et al. 2016). There was a non-linear
relationship between acid rain and plant photosynthesis (Dong
et al. 2017).

Chl fluorescence released during plant photosynthesis is a
rapid, non-destructive detection method to detect abiotic and
biotic stress in plants (Pérez-Bueno et al. 2019; Melo et al.
2017; Stirbet et al. 2018). This type of measurement contains
rich photosynthesis information and many studies have
proved that it can be widely used to quickly monitor the state
of leaf photosynthesis of plants under stress such as salt
(Tsonev et al. 2011), nutrient elements (Santamaría et al.
2009), senescence (Kalaji et al. 2018), mutagenesis (Cordon
et al. 2016), and pathogen infection (Boureima et al. 2012;
Ivanov and Bernards 2016). Plant Chl fluorescence is strongly
influenced by acid rain. In 2014, Hu et al. found that when
soybean seedlings were treated with acid rain, the maximal
photochemical efficiency (Fv/Fm) decreased, while the initial
fluorescence (F0) increased. Similarly, Yu et al. (2002) also
found that acid rain significantly reduced Fv/Fm of cucumber
seedlings.

Barley (Hordeum vulgare L.) is the fourth most important
global cereal crop behindmaize, rice, and wheat, and is grown
in many countries (Giraldo et al. 2019). Acid rain has a strong
influence on the growth of barley plants. In 2018, Ding et al.
(2018) showed that acid rain at pH 3.0 inhibited seed germi-
nation, increased foliar damage, decreased the Chl content,

damaged roots, and delayed seedling’s growth in barley.
Mersie and Foy (1986) found that Chl content of barley plants
subjected to acidic rain at pH 2.5 was consistently lower than
that at higher pH levels.

However, limited information is available on the influence
of acid rain on barley photosynthesis. The causes and the
mechanisms behind the effect of the formation of acid rain
remain unclear. This study aimed to investigate the changes
in photosynthesis, Chl fluorescence, and the mechanisms in-
volved in these changes. It was hypothesized that (i) photo-
synthetic functions would be depressed by acid rain, (ii) the
reduced photosynthesis might be related to non-stomatal fac-
tors, and (iii) some Chl fluorescence parameters might be used
to detect and monitor acid rain stressed plants. To test these
hypotheses, the photosynthetic rate, Chl fluorescence, and
pigment content in barley cultivars stressed by SAR were
assessed.

Materials and methods

Glasshouse experiments were performed at the Zhejiang
Academy of Agricultural Sciences (ZAAS), Zhejiang prov-
ince, P.R. China. Two barley cultivar Zhepi 33 and Kunlun
12 were seeded in 10 L polyvinyl chloride (PVC) pots on
November 27, 2018. Three plants were thinned each pot at
the three-leaf stage. The cultivated soil physicochemical prop-
erties were as follows: the N content was 0.821 g/kg, the pH
(soil: water = 1:5) was 6.50; the organic matter content was
12.23 g/kg; the available phosphorus and potassium contents
were 24.28 g/kg and 51.41 g/kg, respectively. During the ex-
periment in the glasshouse, the mean temperature was 25°C;
the mean atmospheric relative humidity was 80%; and the
mean light intensity was 620 μmol/m2/s.

Four acid rain simulated treatments with pH 6.5, pH 5.5,
pH 4.5, and pH 3.5 were designed. The trial was set up as a
randomized block design with nine replications. Acid rain at
the abovementioned pH levels was simulated and created by
mixed solutions of HNO3 and H2SO4 (1:3) and distilled water.
Before the acid rain treatments were implemented, the plants
were fully irrigated with distilled water, and soils in the pots
were covered by plastic sheets. Barley plants were sprayed
with simulated acid rain (SAR) at 91 DAS (days after
seeding). At 95DAS, 99DAS, and 103DAS, three uppermost
fully expanded barley leaves of each treatment were selected
for gas exchange, Chl fluorescence, and pigment measure-
ments. Every measurement was repeated three times.

The net photosynthetic rate (Pn), transpiration rate (Tr),
stomatal conductance (Gs), and intercellular carbon dioxide
concentration (Ci) of the barley leaves were measured and
recorded using a portable photosynthesis system (CIRAS-2,
PP Systems, Amesbury, Mass, USA). Instantaneous Pn was
measured at a photosynthetic photon flux density (PPFD) of
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1000 μmol/m2/s. Pn to PPFD response curves was obtained
using an LED light source coupled to a leaf chamber follow-
ing the order of 2 000, 1 800, 1 500, 1 200, 1 000, 800, 500,
200, 100, 50, 20, and 0 μmol/m2/s. The photosynthetic cham-
ber with a leaf area of 1.7 cm2 provided a leaf temperature of
25 °C, relative air humidity of 80%, and a CO2 concentration
of 400 μmol/mol.

The Pn-PPFD response curves were fitted according to the
exponential model of Iqbal et al. (1997);

Pn ¼ Pmax 1−exp −ϕPPFD=Pmaxð Þ½ �f g−Rd

Themaximum photosynthetic rate (Pmax), apparent quantum
yield (Φ), and dark respiration rate (Rd) were obtained. The light
compensation point (LCP) was calculated when PPFD
approached zero, and the light saturation point (LSP) was ob-
tained as the PPFD value when photosynthesis reached Pmax.

Chl fluorescence transient (OJIP) was induced by a satu-
rating red light and was measured using a Multi-Function
Plant Efficiency Analyser (M-PEA, Hansatech, UK) after
the leaves were adapted in the dark for about 30 min. The O,
J, I, and P points in the curve represent the respective fluores-
cence intensities recorded at 20 μs, 2 ms, 30 ms, and the
maximum. The biophysical parameters induced from the
OJIP curves according to the references (Strasser et al. 2000;
Strasser et al. 2004; Hassannejad et al. 2020; Tsimilli-Michael
and Strasser 2008 ) used in our study were illustrated in
Table 3.

Leaf samples were taken from the same leaves used in gas
exchange and fluorescence measurements. The leaf disks were
cleaned, ground, and extracted with 80% acetone. Absorption
was measured at 663, 645, and 470 nm using an ultraviolet
(UV)-visible spectrophotometer (Unico, UV-3802, China).
Chl a, Chl b, and carotenoid (Car) contents were calculated
according to reference (Arnon 1949). The unit of the photosyn-
thesis pigment content was mg/g based on fresh mass.

Data analyses were conducted using SPSS 17.0 (SPSS Inc.,
Chicago, USA). The Pn-PPFD response was fitted by a non-
linear regression method. Differences in the parameters of
Zhepi 33 and Kunlun 12 within various pH treatments were
assessed with one-way ANOVA (analysis of variance), and
multiple comparisons of means were tested by Fisher’s LSD
(least significant difference) at the 0.05 level. All of the mea-
surements were repeated three times, and the means and cal-
culated standard errors were reported.

Results

Pigments

The effect of SAR on the pigments of Zhepi 33 and Kunlun 12
is shown in Table 1. It can be seen that Chl a and Chl (a+b)

decreased with acid increasing acidity and there were signifi-
cant differences between Chl a, Chl (a+b) in the pH 4.5 and
pH 3.5 treatments and those at pH 6.5 across the two barley
plants. Chl b, carotenoid (Car), and Chl a/b also decreased
with increasing acidity; however, no significant differences
among various the SAR treatments were found. With respect
to Chl a in Zhepi 33, treatments with a pH than 4.5 differed
significantly from that at pH 6.5. With respect to Chl a in
Kunlun 12, treatments with a pH less than 3.5 differed signif-
icantly from that at pH 6.5. Similar results were obtained for
Chl (a+b).

Leaf gas exchange

Figure 1 shows the changes in the net photosynthetic rate (Pn),
transpiration rate (Tr), stomatal conductance (Gs), and inter-
cellular carbon dioxide concentration (Ci) in Zhepi 33 and
Kunlun 12 plants in response to SAR treatment. In both barley
plants, Pn, Gs, and Tr significantly decreased with increasing
acidity. No significant changes in Ci were found among the
SAR treatments. Pn, Tr, and Gs measured in Zhepi 33 and
Kunlun 12 at pH 4.5 and pH 3.5 showed significant differ-
ences from those at pH 6.5 (data not shown).

Pn to photosynthetic photon flux density (PPFD) curves of
Zhepi 33 and Kunlun 12 under SAR stress are shown in Fig. 2.
The photosynthetic parameters induced from the Pn to PPFD
curves such as the light saturation point (LSP), light compen-
sation point (LCP), apparent quantum yield (Φ), and dark
respiration rate (Rd) are shown in Table 2. The maximum
photosynthetic rate (Pmax), LSP decreased and Rd, LCP in-
creased with increasing acidity. Pmax, Rd, LCP, and LSP at
pH 4.5 and pH 3.5 showed significant differences from those
at pH 6.5. Zhepi 33 had lower Pmax and LSP and higherRd and
LCP in comparison with Kunlun 12.

Chlorophyll fluorescence

Figure 3 shows that a difference in the Chl fluorescence tran-
sient measurement of Zhepi 33 and Kunlun 12 existed be-
tween SAR treatments. Based on the characteristic fluores-
cence transient curve shape (OJIP curve), there were differ-
ences between SAR stressed plants. On the whole, there was
higher Chl fluorescence at pH 6.5 compared with the other
treatments (pH 5.5, pH 4.5, and pH 3.5) across the two barley
plants. Among the SAR treatments, small differences in the O
step and large differences in the P step were observed. Except
for the O step, the difference in the J, I, and P step in the OJIP
curves increased with increasing acidity.

Parameters derived from the OJIP curves of Zhepi 33 and
Kunlun 12 under SAR treatments are shown in spider plots
(Fig. 4). It can be seen that Fv, Fv/F0, and Fm significantly
decreased with increasing acidity in both barley plants. There
were no significant differences in Fv/Fm among the SAR
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treatments. Figure 5 shows ABS/RC, TR0/RC, ET0/RC, DI0/
RC, and RE0/RC calculated from the fluorescence transient
curves. It can be seen that ABS/RC and DI0/RC gradually
increased with increasing acidity in both barley plants, and
the differences reached a significant level. Changes in the
phenomenological energy fluxes per cross-section of Zhepi
33 and Kunlun 12 in the SAR treatments are shown in Fig.
6. ABS/CSm, RE0/CSm, and TR0/CSm gradually decreased
with increasing acidity and the differences reached a signifi-
cant level.

Discussion

SAR treatments with low pH levels had a negative influence
on barley photosynthesis. The reduction in photosynthesis
depended on the strength of the acid. In the present study,
Pn, Pmax, and LSP of the two barley plants decreased and
LCP, and Rd increased at pH values less than 6.5. These re-
sults are similar to many previous observations in cucumber,
yellow poplar, rice, and soybean (Sun et al. 2016; Yu et al.
2002; Qiu et al. 2001; Roberts 1990). SAR at pH 3.0 or lower

Table 1 Effect of simulated acid rain (SAR) on the pigment contents of barley plants

Cultivar SAR treatment Chl a
mg/g

Chl b
mg/g

Car
mg/g

Chl (a+b)
mg/g

Chl a/b

Zhepi 33 pH 6.5 1.609a 0.514 1.044 2.124a 3.131

pH 5.5 1.433ab 0.495 1.026 1.928ab 2.895

pH 4.5 1.310b 0.458 0.994 1.768b 2.861

pH 3.5 1.173b 0.416 0.823 1.589b 2.816

Kunlun 12 pH 6.5 1.489a 0.491 1.028 1.980a 3.032

pH 5.5 1.459a 0.485 1.024 1.928a 3.010

pH 4.5 1.354a 0.463 0.994 1.768a 2.926

pH 3.5 1.088b 0.382 0.811 1.470b 2.848

Chl a, Chl b, Ch(a+b), and Car represent chlorophyll a, b contents, total chlorophyll a and b, and carotenoid content. Each value represents the mean of
three independent experiments data at 95 DAS (days after seeding), 99 DAS, and 103 DAS. Mean values for various treatments followed by the same
letter are not significantly different (P<0.05) according to the LSD test

Fig. 1 Effect of simulated acid rain (SAR) on net photosynthetic rate
(Pn), stomatal conductance (Gs), transpiration rate (Tr), and intercellular
carbon dioxide concentration (Ci) in Zhepi 33 (a) and Kunlun 12 (b)

plants. Each bar represents the mean ± SE (standard error) of three inde-
pendent experiments data at 95 DAS (days after seeding), 99 DAS, and
103 DAS
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reduced the plant photosynthetic rate in these studies. This
may be related to the resistance of plants to acid rain and soil
physical-chemical properties. Plant with strong ability to with-
stand acid rain may maintain a high photosynthetic rate. In
addition, acid rain may improve soil nutrient availability and
photosynthetic rate of plants growing in this soil environment
may not decrease.

The decrease in barley photosynthesis caused by acid rain
may be mainly due to non-stomatal factors. The results are in
accordance with the findings for cucumber seedlings (Yu et al.
2002; Roberts 1990). In our study,Gs declined in parallel with
Pn, but Ci barely changed when the two barley plants were
exposed to acid rain stress. Previous studies showed that Pn

andGs decreased by 29% and 33%, respectively, when yellow
poplar was treated with SAR (Roberts 1990). Thus, mainly
non-stomatal factors may contribute to the decrease in photo-
synthesis caused by acid rain. In addition, plant pigments are
very sensitive to air pollutants and are identified as an indica-
tor of the physiological states of plants stressed by acid rain
(Sensor et al. 1990). Chl a and Chl (a+b) in the two barley
plants in our experiments also decreased with Pn when acidity

increased. These results are similar to the reports of acid rain
on Chl content in soybean, trees, restinga, and Mentha
piperata plants (Hu et al. 2014; Liu et al. 2011; Neves et al.
2009; Kumari and Tomar 2009). The Chl a/b ratio and the
content of total carotenoids tended to decrease in acid rain
stressed barley plants, but these changes were not significant.
Pavel Šiffel et al. (Šiffel et al. 1996) showed a similar result for
acid rain stressed spruce seedlings. Considering the close re-
lationship between Chl a and Pn, it suggested that a reduced
Chl a content may be one reason for the decreased Pn in acid
rain stressed barley plants.

Chl fluorescence as a tool can reveal the photosynthetic
status and the involved mechanisms in plants under stress
(Maxwell and Johnson 2000). OJIP transient measurements
are key indicators for studying the response of plants to envi-
ronmental stress (Baker 2018). In our experiments, the I and P
steps of the OJIP curves in two barley plants gradually de-
creased with SAR decreased. Parameters induced from the
above OJIP curves may be used for valuable application to
monitor plant stress (Kalaji et al. 2016). In the present study,
Fv/Fm, which characterizes the maximum quantum efficiency

Table 2 Effect of simulated acid rain (SAR) on the photosynthetic parameters of barley plants

Cultivar SAR treatment Pmax

μmol/m2/s
Rd
μmol/m2/s

Φ
mol/mol

LCP
μmol/m2/s

LSP
μmol/m2/s

Zhepi 33 pH 6.5 13.32a 1.324c 0.0540b 25.79d 568.5a

pH 5.5 10.50b 1.686bc 0.0563a 32.62c 340.9b

pH 4.5 10.25b 1.779b 0.0537b 36.37b 333.9b

pH 3.5 9.96b 2.180a 0.0455c 54.12a 332.9b

Kunlun 12 pH 6.5 16.85a 0.932b 0.055 17.51d 890.8a

pH 5.5 14.03b 1.151ab 0.053 22.60c 659.8b

pH 4.5 13.85b 1.325a 0.053 26.40b 616.0c

pH 3.5 11.15c 1.573a 0.054 31.44a 405.3d

Pmax, Rd, Φ, LCP, and LSP represent maximum photosynthetic rate, dark respiration rate, apparent quantum yield, light compensation point, and light
saturation point. Each value represents the mean of three independent experiments data at 95 DAS (days after seeding), 99 DAS, and 103 DAS. Values
for various treatments followed by the same letter are not significantly different (P<0.05) according to the LSD test

Fig. 2 Effect of simulated acid
rain (SAR) on the response of the
net photosynthetic rate (Pn) to
photosynthetic photon flux densi-
ty (PPFD) in Zhepi 33 (a) and
Kunlun 12 (b) plants. Each value
represents the mean of three in-
dependent measurements at 95
DAS (days after seeding), 99
DAS, and 103 DAS
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of PSII in dark-adapted leaves, decreased with no significant
differences between SAR treatments. The results partly agree
with the findings of Yu et al. (2002). Fv/Fm used as an acid
rain stress indicator may need further evaluation. The reduced
Fv/F0 under SAR stress in our experiment is in accordance
with the study conducted by Wang et al. (2017), who showed

SAR dramatically decreased Fv/F0 by 31.53%. A decrease in
Fv, observed in our experiment, was also reported by Mena-
Petite et al. (2000). In the present study, Fv/F0, Fm, and Fv had
differed significantly between SAR treatments in both barley
plants. These parameters may be used to evaluate plant stress
caused by acid rain.

Table 3 Parameters induced from OJIP curves according to the references (Strasser et al. 2000; Strasser et al. 2004; Hassannejad et al. 2020; Tsimilli-
Michael and Strasser 2008) used in our study

Parameters Illustrations

Technical fluorescence parameters

Area Area between fluorescence curve and Fm
Sm Normalized area

Fo Initial fluorescence, fluorescence at 50 μs

Fm Maximal fluorescence

Fv Variable fluorescence, Fm–F0

Fv/Fm Maximum quantum efficiency of PSII photochemistry

Fv/Fo Active PSII reaction centers

Vj Relative variable fluorescence at time 2 ms

Vi Relative variable fluorescence at time 30 ms

dV/dto Slope at the origin of the relative variable fluorescence curves

Specific fluxes

ABS/RC Absorbed energy flux per reaction center

DI0/RC Dissipated energy flux per reaction center

TR0/RC Trapped energy flux per reaction center

ET0/RC Electron transport per reaction center

RE0/RC Reduction of end acceptors at PSI electron acceptor side per reaction center

Phenomenological fluxes

ABS/CSm Absorbed energy flux per excited leaf cross-section

DI0/CSm Dissipated energy flux per excited leaf cross-section

TR0/CSm Trapped energy flux per excited leaf cross-section

ET0/CSm Electron transport flux per excited leaf cross-section

RE0/CSm Reduction of end acceptors at PSI electron acceptor side per excited leaf cross-section

Performance indexes

PIabs Performance index on absorption basis

Fig. 3 Effect of simulated acid
rain (SAR) on OJIP transient
curves of Zhepi 33 (a) and
Kunlun 12 (b) plants. The O, J, I,
and P points in the graph repre-
sent a fluorescence intensity re-
corded at 20 μs, 2 ms, and 30 ms
and the maximum, respectively.
Each value represents the mean of
three independent experiments
data at 95 DAS (days after
seeding), 99 DAS, and 103 DAS
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Energy pipelinemodels were used in our study to reveal the
photosynthetic physiological changes when barley plants
were subject to acid rain stress. They contain membrane and
leaf models that can visualize the structure and function of the
photosynthetic reaction centers (Hillier and Babcock 2001). In
the membrane model, the energy fluxes affected by acid rain
are shown by the width of the corresponding arrows (Fig. 5).
DI0/RC increased under acid rain stress showing the increased
quantity of dissipated energy. This energy reflects the exces-
sive absorption of photons that could not be trapped by the RC
that were released mainly in the form of heat (Castro et al.
2011; Strasser et al. 2000). Wang et al. (2019) also showed
acid rain treatment reduced DI0/RC in tobacco leaves. ABS/
RC and TR0/RC were the lowest at pH 6.5 and reached the

maximum at pH 4.5 across the two barley plants. This sug-
gested that acid rain can increase absorbed and trapped energy
flux per reaction center of PSII in barley below pH 4.5.

In the present study, significantly decreased ABS/CSm,
TR0/CSm, and RE0/CSm were observed at low pH level.
This suggested that absorption, trapping in the photosynthetic
reaction center, increased per excited leaf cross-section when
the barley plants were exposed to acid rain stress. Lu et al.
(2001) also reported that inactivation of some PSII reaction
centers can lead to an increase in ABS/RC. These results were
confirmed by our present experiments. As shown in Fig. 6, the
number of inactive PSII reaction centers per cross-section in-
dicated by closed circles increased with increasing acidity,
indicating that acid rain inactivated the photosynthetic

Fig. 4 Spider plot of parameters induced from OJIP transient curves in
SAR stressed Zhepi 33 (a) and Kunlun 12 (b) plants. Area, Sm, F0, Fm,
Fv, Fv/Fm, Fv/F0, Vj, Vi, and dV/dt0 represent the area between the
fluorescence curve and Fm, normalized area, initial fluorescence,
fluorescence at 50 μs, maximal fluorescence, variable fluorescence
(Fm–F0), maximum quantum efficiency of PSII photochemistry, active

PSII reaction centers, relative variable fluorescence at time 2 ms, relative
variable fluorescence at time 30 ms, and slope at the origin of the relative
variable fluorescence curves, respectively. Each value represents the
mean of three independent experiments data at 95 DAS (days after
seeding), 99 DAS, and 103 DAS

Fig. 5 Energy pipeline models of specific fluxes (membrane model) per
reaction center (RC) in SAR stressed Zhepi 33 (a) and Kunlun 12 (b)
plants. ABS/RC, TR0/RC, ET0/RC, and DI0/RC indicate absorbed,
trapped, electron transport, and dissipated energy flux per active reaction

center, respectively. RE0/RC represents the reduction of end acceptors at
PSI electron acceptor side per reaction center. Each value in the graph
represents the mean of three independent experiments data at 95 DAS
(days after seeding), 99 DAS, and 103 DAS
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reaction center. The result is similar to that reported by Li et al.
(2012), who showed that under acid rain stress, the curve of
Chl fluorescence was quickly changed and the PSII reaction
center was damaged.

Plant photosynthesis under stress may be affected by stress
resistance which could help plants to minimize the negative
impacts of the stress (Sharma et al. 2020; Lu et al. 2019). Liu
et al. (2015) indicated that the effects of acid rain on the seed-
ling photosynthesis of E. glabripetalus revealed resistance to
acid deposition. In our experiment, Pn and Gs were lower in
Zhepi 33 than in Kunlun 12 under acid rain stress. The Pn-
PPFD response parameters Pmax, and LSP were lower and
LCP, and Rd higher in Zhepi 33 than in Kunlun 12
(Table 2). Figure 3 also shows that the OJIP curves of Zhepi
33 had greater changes than those of Kunlun 12 under acid
rain stress. These results indicated that Zhepi 33 photosynthe-
sis was more sensitive to acid rain stress and was more easily
negatively affected compared with Kunlun 12. Zhepi 33 had
lower acid rain resistance in comparison with Kunlun 12. An
increased area and decreased Sm were observed in SAR
stressed Kunlun 12, while no such phenomena were observed
in Zhepi 33. Reduced F0 and increased Vj, Vi, dV/dt0, and PIabs
occurred in Zhepi 33 under SAR stress conditions, but these
parameters exhibited no obvious changes in Kunlun 12.
Changes in these parameters may be valuable for identifying
plant resistance against SAR stress in application. Changes in
Chl fluorescence energy flux induced by SAR stress were
different between Zhepi 33 and Kunlun 12. ABS/RC and
TR0/RC in Zhepi 33 had greater changes among SAR treat-
ments than those in Kunlun 12 (Fig. 5). In addition, the num-
ber of closed circles for Zhepi 33 was higher than that for
Kunlun 12 (Fig. 6). These suggested that the photosynthetic

reaction center in Zhepi 33 was more seriously damaged than
that in Kunlun 12.

There are some uncertainties in our study of the acid rain
effect on plant photosynthesis. First, only barley seedlings
were used in the existing acid rain exposure experiments.
The response of other plants to acid rain may differ from the
present result and this may lead to uncertainties in the appli-
cation. Second, acid rain effect on plant photosynthesis caused
by physiological changes involved in enzymatic and non-
enzymatic antioxidant compounds was not studied in our ex-
periments. In 2018b, Debnath et al. reported that the tomato
seedlings in pH 3.5 SAR stress produced more reactive oxy-
gen species (ROS) scavenging enzymatic and non-enzymatic
antioxidant compounds than in pH 5.6. The study may reveal
the physiological basement of SAR affected photosynthesis.
In addition, the exposure frequency and time might affect the
observed effects of acid rain and may produce uncertain
results. For example, Velikova et al. (1999) reported that 3 h
after SAR treatment, stomatal factors predominated in bean
photosynthesis reduction, while during the next experimental
period (5–24 h), mainly non-stomatal factors determined the
decrease in photosynthetic rate. Therefore, experiments with
more acid rain exposure frequencies and times on various
plant species are needed to understand the effects of acid rain
on plants.

Conclusions

Acid rain had a negative effect on barley photosynthesis. Chl
a and Chl (a+b) decreased with acid increasing acidity and
there were significant differences between Chl a, Chl (a+b) in

Fig. 6 Energy pipeline models of phenomenological fluxes (leaf model)
per excited leaf cross-section in SAR stressed Zhepi 33 (a) and Kunlun 12
(b) plants. ABS/CSm, DI0/CSm, TR0/CSm, ET0/CSm, and RE0/CSm indi-
cate absorbed, trapped, electron transport, and dissipated energy flux per

excited leaf cross-section, respectively. RE0/CSm represents the reduction
of end acceptors at PSI electron acceptor side per excited leaf cross-sec-
tion. Each value in the graph represents the mean of three independent
experiments data at 95 DAS (days after seeding), 99 DAS, and 103 DAS
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the pH 4.5 and pH 3.5 treatments and those at pH 6.5.
Decreased Pn, Pmax, and LSP and increased LCP and Rd with
increasing acidity were found, which indicated that photosyn-
thesis in barley plants may be depressed by SAR stress. The
reduced Chl content and Gs in parallel with lower Pn sug-
gested that non-stomatal factors may contribute to the de-
creased barley photosynthesis under acid rain stress. Zhepi
33 had lower Pmax and LSP and higher Rd and LCP in com-
parison with Kunlun 12. It suggested that acid rain may have
greater effects on the photosynthesis of acid rain-sensitive
plants compared with non-sensitive ones in our experiment.
Chl fluorescence parameters Fv/F0, Fm, and Fv in both barley
plants differed significantly between SAR treatments and may
be used to evaluate acid rain stress affected plants. Energy
pipeline models were used to reveal the photosynthetic dam-
age caused by acid rain stress and the results showed that the
photosynthetic reaction centers in barley were inactivated.
These findings are valuable for the evaluation of plant sensi-
tivity to acid rain stress and may be used for the detection and
monitoring plants in acid rain stress conditions in the future.
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